A detailed investigation has been made of the unusual characteristics of the angular distribution of surface scattering from velvet in the visual region. We present a novel method in which samples of velvet fabric are wrapped around a right-circular cylinder so that reemitted radiance can be measured by a digital CCD camera. This setup makes it relatively simple to acquire a large set of bidirectional reflection distribution function ͑BRDF͒ samples. The study reveals that, apart from the grazing specular lobe and an anisotropic backscattering peak near 50°, the overall BRDF's are rather uniform across the whole angular span of observation. Attempts are made to relate these scattering characteristics to the physical and the geometrical structure of velvet.
Introduction
It is commonly assumed that a combination of two mechanisms largely accounts for the total diffuse reflection of light from material surfaces. 1 One mechanism is scattering in the bulk material, for which the reemitted radiance is roughly uniform in all directions. This component is usually modeled as a Lambertian surface. 2 The other mechanism is Fresnel reflection, which occurs at the material-air interface. When the surface is quite smooth this component is mirrorlike, and the angle of reflectance equals the angle of incidence. When the surface is rough the scattered radiance has an off-specular lobe of a certain width. 3 The appearance of objects in the real world is usually modeled as a combination of these two mechanisms. The model is often referred to as the bichromatic model because the surface scattering retains roughly the spectrum of the source, whereas the component scattered from the volume is colored as the result of selective absorption. 4 -6 The model suggests that the reflectance will reach its maximum intensity at roughly the specular angle.
Although the bichromatic model is applicable to a variety of materials, it may fail completely in the case of structured surfaces. For instance, the present study demonstrates that the behavior of light reflected from velvet surfaces certainly cannot be accurately described by a simple sum of diffuse reflection and specular reflection. Neither does one of the existing analytical models, [7] [8] [9] for surfaces with isotropic roughness offer a reasonable representation of the diffuse reflection mechanism. 10 There are many materials in nature, fur and mowed grass fields, for example, that show reflection characteristics similar to those of velvet. Through the current study we hope to contribute to a further understanding of reflectance properties of objects in nature or in computer-simulated scenes.
Painters have long known of the special reflection properties of velvet. From the Middle Ages to the Baroque period, certain standard techniques were applied effectively to render velvet garments in portrait paintings. The fabric can be recognized by its glistening brightness along the edges of semicircular and thin folds of drapery 11 ͑see Fig. 1͒ . These highlights are rather achromatic. Apart from these distinct shiny features, the rest of a velvet robe seems to have rather a uniform color and radiance. These parts are painted in "the" color of the fabric material. Artists have also realized that the shading of velvet is often the exact reverse of that in the immediate environment. For example, Dü rer has countershaded the left arm of Madonna to suggest rich velvet 12 ͑see Fig. 1͒ .
The light scattered from a velvet surface is systematically investigated here as a function of several parameters, including the angle of incidence of the irradiating beam, the direction of the scattered beam, and the color of the scattered beam. We measured the bidirectional reflection distribution function ͑BRDF͒ in the red-green-blue ͑RGB͒ channels of a CCD camera. Two colors of velvet made of different materials are included in the study.
The BRDF's reveal that the velvet displays a matte, almost Lambertian, diffuse reflectance. However, there is a noticeable falloff toward the large viewing angles in the reemitted radiance distribution. One feature that differs from a perfect Lambertian reflection is that the velvet exhibits a specular lobe at grazing angles and an anisotropic backscattering lobe in the vicinity of the 50°angle of irradiance. Attempts have been made to relate these scattering characteristics to the physical and geometrical structure of velvet. We found that the peculiar reflectance ͑BRDF͒ of velvet can be decomposed linearly to an excellent approximation with surface scattering modes up to the fourth order, a general phenomenological description proposed by Koenderink et al. 13 
BRDF Measurement

A. Schematic and Coordinate Systems of the Apparatus
A schematic diagram of the experimental apparatus is shown in Fig. 2 . The velvet samples are wrapped around a right-circular cylinder and irradiated by a wide, uniform, and parallel beam incident from specified angles aimed at the center of the cylinder, and the scattered light is detected by a digital camera located at a preselected angle. The apparatus is capable of measuring radiance of the scattered beam in all angular directions in the spherical space around the center of the cylinder, except when the velvet cylinder is standing between the source and the detector. However, in this study the measurements are confined to the plane of incidence. The reflected radiation was resolved into RGB channels in the digital camera.
The orientations of source and detector with regard to the sample are described in terms of two polar coordinate systems ͑see Fig. 3͒ . The origin of one coordinate system coincides with the center of the cylinder, 0°with the positive Y axis and 180°with the negative Y axis. Angles are measured clockwise from 0°. The digital camera is fixed in the direction of the positive X axis, so the scattered beam is taken to be 90°in this polar system. The parameter ␥ denotes the angle of the point of interest on the cylindrical surface. The parameter specifies the angle between scattered and incident beams.
During the course of the measurement the digital camera is fixed, while the position of the source is systematically changed in a clockwise direction. The angle between scattered and incident beams, namely, , is varied from 5°to 160°, each increment being 5°. At each configuration the digital camera Fig. 2 . Sketch of apparatus used to measure radiance of cylindrical velvet surface ͑top view͒. The velvet samples are wrapped around a cylinder and irradiated by a wide, uniform, and parallel beam incident from specified angles aimed at the center of the cylinder, and the scattered light is detected by a digital camera located at a preselected angle. Proportions are not drawn to scale. Fig. 3 . Specifications of two polar coordinate systems. The origin of one coordinate system coincides with the center of the cylinder. The parameter ␥ denotes the angle of the point of interest on the cylindrical surface, measured clockwise from 0°. The camera detects the scattered beam at a fixed angle of 90°. The parameter specifies the angle between scattered and incident beams. The other polar coordinate system is a local one for every point of interest on the cylindrical surface. The specification is framed in rectangles. The angle of incidence i and the viewing angle r are measured from 0°, the local surface normal. The angles to the left of the normal are marked as negative; the ones to the right, as positive. The relation between the two coordinate systems is i ϭ ϩ 90°Ϫ ␥ and r ϭ 90°Ϫ ␥.
scans a picture of the cylindrical velvet surface. Consequently there are 32 velvet images in all, from which the BRDF in the plane of incidence can be obtained by data processing.
As the light source is rotated clockwise around the cylinder, the illuminated part of the cylindrical velvet surface seen from the position of the camera becomes narrower. This phenomenon can be accurately formulated with the parameters and ␥ from the cylindrical coordinate system, as referred to in Fig. 3 . When the angle between scattered and incident beams is , the terminations of the shadow on the cylinder, registered by the digital camera, are specified by polar angles ␥ ϭ and ␥ ϭ 180°. In the analysis required for extraction of BRDF information a limited range of ͓ ϩ 10°, 170°͔ is chosen for ␥.
The other polar coordinate system is a local one for every point of interest on the cylindrical surface ͑see Fig. 3͒ . In this local surface coordinate system the normal is specified to be 0°. The angle of incidence, characterized by the polar angle i , and the viewing angle, specified by r , are determined with respect to the local surface normal. As shown in the figure, the angles to the left of the local normal are marked as negative; the ones to the right, as positive.
The relation between the two coordinate systems is as follows:
The range of variables of is ͓5°, 160°͔, and that of ␥ is ͓ ϩ 10°, 170°͔, with reference to the cylindrical coordinate system. From Eqs. ͑1͒ and ͑2͒ it is inferred that the variables of i range from Ϫ75°to 80°, and those of r from Ϫ80°to 75°, with respect to the surface normal in the local coordinate system. A scatter plot of i and r covers only half of a square bounded by Ϫ80°to 80°, but the other half immediately follows from Helmholtz reciprocity. This cylindrical setup has a number of advantages. In most BRDF measurements for which the sample is attached to a flat surface, one data point at a time is obtained for every position and direction arrangement of sample, source, and detector. In our cylindrical setup, in which a stream of data points can be acquired in one scanned image, the efficiency of data acquisition is remarkably improved. This setup makes it relatively easy to acquire a complete set of BRDF data, which we can obtain by rotating the cylinder about a horizontal axis, although this degree of freedom was not used in the present study. It is clear that a full BRDF measurement not only contributes to the accurate description of scattering properties of material surfaces but also allows analytical scattering models to be examined and confirmed.
B. Details of the Apparatus
The setup for this study is as shown in Fig. 2 . The source, the CCD camera, and the velvet sample are kept at the same height and placed in a studio that has dark coverings on the floor, the walls, and the ceiling to keep reflection to a minimum. The velvet sample is wrapped around a right-circular cylinder with a diameter of 6.3 cm. The cylinder is kept at a fixed position. The source is a profile spotlight containing a 12-V 75-W tungsten halogen bulb. Its beam is focused by a lens into parallel rays. Light scattered from the velvet is collected by a 1:2.8͞ 180-mm Nikon objective and focused onto the CCD chip of the digital camera.
In the radiance measurement a Lumina digital scanning camera, a model from Leaf Systems, Inc., is used as the detector device. The camera has an infrared-blocking filter that covers the focal plane. The linear CCD consists of three columns of lightsensitive cells, each 28.5 mm long and covered with a different color filter intended to capture a different portion of the visible light spectrum. The image data, consisting of three filtered columns ͑RGB͒, are then transferred to the computer by the Lumina software. The Lumina camera has 12 bits of resolution for each color plane. However, the 12-bit values are mapped to a single 8-bit representation in the radiance measurement, namely, the numerical values ͑RGB͒ for each pixel range from 0 ͑black͒ to 255 ͑white͒.
After the radiance measurement, the pixel values are converted into radiance values by a postprocessing calibration and segmentation scheme. The calibration scheme requires several radiance measurements with a spectroradiometer ͑PR-704͞PR-714, Photo Research͒ to map digitized images to radiance values. During data processing the radiance value of each pixel is taken to be an averaged sum of three color values. In the segmentation scheme the velvet image is clipped in Adobe Photoshop to a fixed 1399 ϫ 35 pixels. Subsequently each 35-pixel-long image column is summed and averaged. This value is the radiance for a sample area of the cylindrical surface. The sample area is parallel to the side of the cylinder, so all the pixels in the column have the same angles of incidence and reflectance. Obviously, as the point of interest on the cylindrical surface shifts, the sample area changes in accordance with the cosine law.
C. Velvet Specimen
The velvet sample from which radiance measurements are made in this study is a golden-colored cotton fabric, purchased from a local textile store. Under close inspection the velvet fabric appears to consist of tightly woven bundles of cotton filament. Each bundle contains a pack of cotton fibers, of the order of 100, folded in the middle like the letter U. The fabric thread goes through the bottom of this U cavity. The velvet fiber bundles are slanted at a common angle. The height of the U bundles is of the order of 2 mm. There are 9 filament bundles on every 10 mm of the thread. Thus the bundles are ϳ0.1 mm apart; the thickness of the hairs is ϳ0.01 mm.
There are obvious visual changes in radiance and color as the velvet is rotated under a directed beam of white light. To study this optical property of velvet we cut four strips from the velvet fabric, each with a different orientation, and measured the radiance ͑see Fig. 4͒ . Figure 5 shows an image of four velvet strips wrapped around a cylinder. Strips are placed in reverse order from top to bottom, starting with strip 4. The angle between irradiating and scattering beams is 65°.
D. Evaluation of BRDF
The BRDF is defined to be the ratio of radiance to irradiance. 14 In our experimental setup the cylinder is placed in the parallel incident beam. The irradiance is constant across its cross section. The intensity of the reflected beam is linearly proportional to BRDF values.
The BRDF measurements of this investigation are presented in Fig. 6 with the reflection angle r as the abscissa and the incident angle i as a curve parameter. These angles are defined in Fig. 3 . Results for golden velvet strip 1 are shown in Fig. 6͑a͒ ; for strip 2 in Fig. 6͑b͒ , for strip 3 in Fig. 6͑c͒ , and for strip 4 in Fig. 6͑d͒ . Each of the figures is divided in turn into four graphs, each graph showing information for a set of four incident angles. The various graphs of each figure are ordered according to increasing values of the incident angle from Ϫ80°to 70°.
An overall inspection of Fig. 6͑a͒ , showing BRDF of strip 1 of the golden velvet, reveals that most of the radiance distribution is roughly uniform across the viewing angles. However, there is a slight fall-off angle in the radiance distribution toward a large exit. Another noticeable feature is that the reflected intensity exhibits a broad specular maximum at grazing angles. In other words, at large angles of incidence, e.g., Ϫ80°or 70°, the radiance has a higher magnitude than the average when the velvet is viewed from a mirror angle, namely, 80°or Ϫ70°. An examination of Figs. 6͑b͒-6͑d͒ confirms the above observation, but in those figures there is also a pronounced backscattering lobe in the vicinity of the 50°angle of incidence. That is to say, at angles of incidence about 50°a peak is seen in the radiance distribution when the velvet is viewed from the similar angles about 50°. This backscattering peak is most prominent in strip 3.
E. Discussion
Reflection from rough material surfaces is generally considered to consist of a proportional addition of diffuse reflection and specular reflection. However, it is clear that in the case of velvet the specular component is not particularly noticeable. Apart from the grazing specular maxima and the backscattering peaks about 50°, the overall reflected intensities seem to be rather uniform across the whole angular span of observation. The pronounced specular maxima are confined to the region where the angles of incidence are large; thus there must be other factors besides the specular one that play equal if not a larger parts in the reflection mechanism.
The uniform diffuse reflection can be attributed to the intrinsic filament structure of velvet. The light enters the densely distributed filament space and gets reflected, refracted, and scattered, and it loses intensity by being absorbed in the velvet fibers. When the light reemerges from the velvet surface, the reemitted radiant flux from the volume can be expected to be nearly diffuse. The velvet surface can be conceived as exceptionally rough, and its reflection has a Lambertian appearance. From a certain observational angle the entire piece of velvet fabric is perceived to exhibit identical radiance and color.
The falloff of radiance toward large viewing angles is a minor, yet significant characteristic of the radiance distribution. This distinct property persists in all intensities reflected from different angles of incidence. One conceivable explanation for this is that velvet has a surface structure consisting of an interwoven grid of fibers. The fabric is woven row by row, and the spaces between rows are easily shadowed at large angles of incidence. An image of an illuminated cylindrical velvet surface is shown in Fig. 5 . The form of the left and right borders is quite different. The left border marks a sharp boundary between illuminated velvet and dark background. The right border shows a gradual decline in reflected intensity from illuminated velvet to complete shadow. This border corresponds to the lowest reflected intensity at the end of the falloff in radiance distribution. The gradual decline is caused mainly by shadowing and occlusion between adjacent woven fiber lines. 5, 6 The occurrence of backscattering peaks in the vicinity of 50°is a rather unusual feature. Although backscatter is common from rough surfaces, it is rarely confined to such a narrow range of angles. In an attempt to understand this phenomenon, we noticed that the velvet fibers are woven at a slant angle on the fabric. Figure 4 illustrates the distribution of hair directions on four velvet strips. We found that, when the line of sight is directed along the fabric surface, the fibers in strips 2-4 are seen slanting to the right, the slant of strip 3 being the largest. We recall that the backscattering peaks occur in the radiance distribution of velvet strips 2-4, the peak in strip 3 being the most prominent. The correlation between slanting velvet fiber and backscattering peaks is clearly not coincidental but reflects a physical mechanism. There is a physical explanation for this correspondence. The slanting fiber tips are found to point to the angular space containing the backscattering peaks. One likely assumption is that the irradiating light comes down along the same inclination of velvet fibers and is scattered back out along the same path. Indeed, the radiance suffers less intensity loss along this path than along the paths of the other exit angles. When light travels along velvet fibers there is relatively less interreflection, refraction, or scattering, and the Fresnel reflection coefficient is very high. In Fig. 7 the light scattered at several exit angles is drawn as upwardpointing arrows, the thickness of the lines being proportional to their scattered intensities. When the scattered light exits along the same path, it has had little interaction with fibers. Therefore its radiance is scarcely affected by absorption and appears to have the highest scattered intensity.
Velvet exhibits properties of overall diffuse reflection and hardly any specular reflection except for a specular maximum at large angles of incidence. We can infer that the irradiant beam merely skims through a shallow layer of the velvet surface, radiation being scattered predominantly by the tips of the hairs. The more oblique the angles of the incidence and the exit beams, the more hair tips participate in the scattering. Little interaction with the velvet surface means little intensity loss. As a result, the scattered light loses little of its radiance, and its spectral composition is scarcely altered. In Fig. 8 two color radiance ratios are plotted against viewing angles to show the changes in the spectral composition in the scattered light, the angles of incidence from Ϫ80°to Ϫ50°being curve parameters. One ratio is the value of the red radiance to that of the blue; the other is the value of the red radiance to that of the green. Note that in the solid curves, where i ϭ Ϫ80°, the radiance at the specular direction, r ϭ 80°, has a red-to-blue ratio of 1.91 and a red-to-green ratio of 1.04. Apparently the scattered light retains the numerical relation among the colors of the irradiance, which has a RGB ratio of 2:2:1. This confirms our hypothesis that, at large angles of incidence, the irradiant light is scattered by the superficial velvet-air interface, it does not enter the interstices, and consequently that little of its intensity or spectral composition is changed. This result explains why the glistening shine of velvet, when the velvet is viewed from large oblique angles, seems to have the color of irradiant light, not the color of the material itself.
We think that the irradiating beam is scattered not only by the length of the velvet fibers but also by the fiber tips. This is probably the dominant mechanism in the case of the specular lobe. We set up the following experiment to check this hypothesis.
Scattering from Velvet Tips
A. Details of the Apparatus
In this experiment a piece of red velvet is folded to expose fiber threads in the view of a microscope objective. The fibrils are illuminated by a white-light source from behind to show the red bulk, while a green laser light is incident upon the fiber tips. The scattered radiance is detected by the CCD camera ͑see Fig. 9͒ . The light source is a halogen bulb with a Fresnel lens. A translucent screen is placed in front of the light source to fill the field of view uniformly. The laser is a helium-neon laser that has Dashed lines, the slanting fibers on velvet fabric. The irradiating light falls along the same inclination of velvet fiber, depicted by a thick downward-pointing arrow. The light scattered along the paths of several exit angles is drawn as upward-pointing arrows; the thickness of the lines is proportional to their scattered intensities. When the scattered light exits along the same path, it has had little interaction with fibers. Consequently its radiance is barely absorbed, and it appears to have the highest scattered intensity. Fig. 8 . Two color radiance ratios plotted against viewing angles r to show the changes in the spectral composition in the scattered light, with the angles of incidence i , from Ϫ80°to Ϫ50°, as the curve parameters. One ratio is the value of the red radiance to that of the blue; the other is the value of the red radiance to that of the green. Note that in the solid curves, where i ϭ Ϫ80°, the radiance at the specular direction, r ϭ 80°, has a red-to-blue ratio of 1.91 and a red-to-green ratio of 1.04. Apparently the scattered light retains the numerical relation among colors of the irradiance, which has an RGB ratio of 2:2:1.
its maximum output at 543.5 nm. An eyepiece, a Peak loupe of magnification 10ϫ, is placed at the laser exit to dilate the beam diameter. The light scattered from the velvet fibers is collected by a microscope objective of magnification 10ϫ and numerical aperture of 0.25, which is set at a distance of 90 mm by means of a Bellows focusing attachment, a PB-6 Nikon model. The image is scanned by the digital camera.
B. Velvet Specimen
The velvet sample is made of red synthetic nylon, obtained from a different source from the golden cotton velvet. It is woven in the same way as the cotton velvet, but there are far fewer filaments in a bundle, which makes it easier to see the distribution of individual fibers. There are 7 filament bundles to every 10 mm of the thread. The height of the bundles is of the order of 1 mm.
C. Experimental Result
In this experiment the green laser light scattered from the fiber tips of red velvet is recorded ͑see Fig.  10͒ . The image is captured under a green color filter, so what appears bright is very green in a color picture. The fibers all point straight up, and the interface between fiber tips and air is readily visible. The light scattered from the fiber tips is seen in the form of shiny dots, some rather sharp and some blurred because of being out of focus.
D. Discussion
Fiber tips exist in the interface between velvet and air. Observation with a microscope reveals that the fiber tips have a random and irregular shape. On average, the tips can be approximated as hemispherical reflectors that scatter light diffusely in all directions. It is diffuse scattering from the velvet fiber substance and tips together that causes the almostLambertian appearance of velvet.
The velvet-air interface also displays some specular scattering, as shown in the radiance measurement at large angles of incidence and reflectance. Scattering from fiber tips is not entirely diffuse; it also involves a degree of specular reflection. However, the intensity of specular scattering is not so significant as the diffuse component, because the velvet displays a matte, almost Lambertian, reflectance under most observing conditions. Only at large angles of incidence and reflectance, where the irradiant beam skims through a shallow layer of the velvet surface, does the specular component dominate in the scattered light.
Development into Surface Scattering Modes
A. Representation According to Koenderink et al. The scattered radiation can be interpolated by use of a series development in terms of an orthonormal basis. Koenderink et al. 13 described the construction of such a complete, orthonormal basis on the Cartesian product of the hemisphere with itself, based on transformation of Zernike circle polynomials. The surface scattering modes are constructed in such a way that Helmholtz's reciprocity is guaranteed, and increasing order corresponds to increasing angular resolution. Because the scattered radiance from velvet exhibits directional properties, the anisotropic basis representation is fitted to the measured radiance data.
The development of the BRDF is summarized briefly here. A complete orthonormal system of functions K n l ͑, ͒, transformed from the Zernike polynomials, is normalized on a unit disk H Fig. 9 . Sketch of apparatus used to detect scattering from velvet fiber tips. A piece of red velvet is folded between a white-light source and a microscope objective. A green laser light is incident upon the fiber tips. The scattered radiance is detected by the CCD camera. Proportions are not drawn to scale. with
where n Ն 0, ͉l͉ Յ n, and ͑n Ϫ l ͒ must be an even number. The functions R n l are closely related to Jacobi's polynomials 15 and are given by
This construction should obey the rule of Helmholtz's reciprocity. In other words, the direction of the light rays can be reversed in the approximation of geometrical optics. Thus we arrive at the functional form of BRDF in terms of K n l ͑, ͒:
where permissible values of the integers are n Ն 0, ͉l͉ Յ n, ͑n Ϫ l ͒ even, nЈ Յ n, ͉lЈ͉ Յ nЈ, ͑nЈ Ϫ lЈ͒ even, and, if nЈ ϭ n, then lЈ Յ l.
B. BRDF-Fitting Results
For the velvet data we find that a satisfactory fit to the experimental measurement is obtained when the polynomial series is truncated at order 4. This involves a total of 120 free parameters, but our fit uses fewer owing to a lack of data points. A number of basis functions are orthogonal to the data set, which results in 19 coefficients' being identically zero. The remaining 101 parameters span a large range of magnitude; the smallest coefficient is less than 0.1% of the largest one. The coefficients of small magnitude can be discarded without affecting the efficiency of the fit. We find that an adequate fit is reached with a linear combination of 20 basis functions ͑shown in Fig. 11͒ . The figure is arranged to show a scatter plot of measured and predicted BRDF values ͑top͒ and normalized residual errors ͑bottom͒. The scatter plot shows the 4224 measurement values plotted as functions of the corresponding estimated values, where a straight line represents a perfect fit. We normalized the residual errors by dividing them by the maximum value of measured BRDF for the velvet sample; these errors are displayed in order of increasing viewing angle. Plots for the entire set of experimental data and model fits are too numerous to be included here; however, a representative example is depicted in Fig. 12 . The figure is divided into four graphs, each displaying the BRDF as a function of angle of reflectance r . The graphs are constructed for different strips and different angles of incidence. From the top, the first graph shows the BRDF on strip 1 when the angle of incidence is Ϫ80°, the second one shows strip 2 with a Ϫ50°angle of incidence, the third one shows strip 3 with a 50°angle of incidence, and the last shows strip 4 with a 0°angle of incidence. The solid lines describe the measured BRDF's, and the dashed lines describe the fitted values. These results demonstrate that the fit accurately describes the scattering properties of velvet.
C. Discussion
The basis functions constitute an angular spectrum of surface scattering over the hemisphere H 2 , whereas the BRDF measurements consist of data from merely four intersecting cross-sectional planes in the scattering space. The incomplete experimental data are projected onto a full angular scattering spectrum; thus the resulting polynomial does not contain all 120 basis functions. Because of the structure of our measurements, 19 of the basis functions are orthogonal to the data. We thus expect a maximum of 101 basis functions to contribute. As we have discovered, a linear combination of 20 basis functions is sufficient to describe the properties of surface scattering. This linear combination includes components selected from different orders of orthonormal bases, up to order 4. Figure 13 shows contour plots of surface scattering modes obtained from a fitted linear combination of 20 basis functions. The orientation of the velvet strips is defined in Fig. 4 , the horizontal bar being strip 1, the vertical bar being strip 3, the diagonal bar slanting to the right being strip 2, and the diagonal bar slanting to the left being strip 4. The upper row depicts surface scattering modes of the backscatter- Fig. 13 . Contour plots of surface scattering modes obtained from the fitted linear combination of 20 basis functions. Upper row, surface scattering modes of the backscattering peak about 50°in strip 3. Radiance changes along the vertical direction signify the scattering characteristics of strip 3. Lower row, surface scattering modes of the specular maximum at large angles in strip 2. Radiance changes along the diagonal direction slanting to the right signify the scattering characteristics of strip 2. Left column, ͑a1͒ and ͑b1͒, scattering mode from a linear combination of all 20 basis functions. The elliptical peak in ͑a1͒ displays the backscattering peak centered about 50°. In ͑b1͒ the light spot at the end of the diagonal bar of strip 2 shows the specular maximum at large angles. Middle column, ͑a2͒ and ͑b2͒, scattering mode from a linear combination of eight basis functions of orders 0, 1, and 2. Right column, ͑a3͒ and ͑b3͒, scattering mode from a linear combination of 12 basis functions from orders 3 and 4.
ing peak about 50°in strip 3. Radiance changes along the vertical direction signify the scattering characteristics of strip 3. The lower row depicts surface scattering modes of the specular maximum at large angles in strip 2. Radiance changes along the diagonal direction slanting to the right signify the scattering characteristics of strip 2. The left-hand column, graphs ͑a1͒ and ͑b1͒, shows the scattering mode from a linear combination of all 20 basis functions. The elliptic peak in graph ͑a1͒ displays the backscattering peak centered about 50°. In graph ͑b1͒ the light spot at the end of the diagonal bar of strip 2 shows the specular maximum at large angles. The middle column, graphs ͑a2͒ and ͑b2͒, shows the scattering mode from a linear combination of eight basis functions of orders 0, 1, and 2. The right column, graphs ͑a3͒ and ͑b3͒, shows the scattering mode from a linear combination of 12 basis functions of orders 3 and 4.
Incomplete experimental data provide limited insight into a full hemispherical representation of the BRDF. The linear fit gives an accurate description of surface scattering in the four planes and extrapolates the BRDF's beyond the measurement. The predicted BRDF can be verified by additional experimental data. The representation of Koenderink et al. helps us to understand the radiance distribution of velvet in terms of surface scattering modes. The decomposition up to second order is mostly concentric, and the circular center shows a displacement in the direction of the scattering maximum. The higher-order representation serves to define the scattering characteristics at near-grazing angles of incidence.
Conclusion
This study demonstrates that cylindrical geometry is a convenient arrangement for making BRDF measurements of cloth by use of a CCD camera. It makes possible acquisition of a stream of data points in one scanned image; the efficiency of data acquisition is much improved. A series of images allows one to obtain a large number of biangular samples with relatively little effort. It is clear that a full BRDF measurement not only contributes to the accurate description of scattering properties of material surfaces but also allows analytical scattering models to be examined and confirmed.
The investigation reveals that velvet does indeed have unusual reflection properties and yields more information than conventional bichromatic reflection models. Apart from the grazing specular maxima and the backscattering peaks about 50°, the overall reflected intensities seem to be rather uniform across the whole angular span of observation. This phenomenon arises from the intrinsic filament structure of velvet surface. The velvet surface can be conceived as being exceptionally rough, the reflection of which has a Lambertian appearance. Painters have used this peculiar scattering property of velvet in their portraits. From a certain observational angle, an entire piece of velvet fabric is perceived to exhibit identical radiance and color.
The slanting fibers on the velvet surface account for its anisotropic appearance. When a piece of velvet fabric is rotated under a directed beam of white light, there are obvious visual changes in radiance and color. The slant of the fibers also explains the occurrence of backscattering peaks in the vicinity of 50°i n our sample. It seems that the irradiating light falls along the same inclination of velvet fibers and is scattered back out along the same path; the radiance suffers little intensity loss other than along the paths of the other exit angles. When light travels along velvet fibers there is relatively less interreflection, refraction, or scattering than when light travels across velvet fibers. The influence of the fiber direction on the surface scattering of velvet is indeed immediately visually evident when a piece of velvet is stroked or brushed so the fibers are slanted in a particular direction.
The specular maximum at large angles of incidence and reflectance is due to scattering by a superficial layer at the velvet-air interface. Because the radiation does not enter the cloth, little of its intensity or spectral composition is changed. Little interaction with the velvet surface means little intensity loss, which enables us to understand why painters' techniques of portraying velvet garments are so effective. The glistening edges and folds are parts of velvet garments that are viewed from large oblique angles, and they seem to take on the color of irradiant light, not the color of the material itself.
The accurate fit of experimental data to a fourthorder development in surface scattering modes can be used as a convenient phenomenological model. The basis functions constitute a full angular spectrum of surface scattering over the hemisphere H 2 , whereas the BRDF measurements consist of slightly incomplete data from four intersecting cross-sectional planes in the scattering space. From the sampling we expect to collect information on 101 of the maximum 120 surface scattering modes. Empirically we found that the resultant linear combination of 20 basis functions is sufficient to describe the radiance distribution of velvet. A study of the surface scattering modes reveals that the lower-order decomposition is mainly concentric and that the higher-order representation defines the scattering characteristics about circular edges.
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